Aim Root growth strategies may be critical for seeding survival and establishment under dry conditions, but these strategies and their plasticity are little known. We aim to document the ability of young grass seedlings to adjust their root system architecture, root morphology and biomass allocation to roots to promote water uptake and survival under progressive drought. Methods Seedlings growing in columns filled with sand and exposed to drought or well-watered controls were repeatedly harvested for determination of biomass fractions, root length, −architecture and -morphology in a greenhouse experiment. Allometric scaling exponents and standardised major axis regression were used to investigate allocation patterns. Results Young seedlings were able to sustain leaf turgor and functions during eight weeks of progressive drought through phenotypic plasticity of the primary root system producing deeper and simpler roots. Biomass allocation to roots decreased or did not respond, and other components of root morphology showed only moderate plasticity. Conclusion Our results suggest that morphological and architectural plasticity of the primary root system may well be key features for dehydration avoidance and survival in grass seedlings under moderate drought when allocation of biomass to roots and development of secondary roots are constrained.
Introduction
Seedling survival is critical for plant establishment, but is severely constrained by both biotic and abiotic factors (Moles and Westoby 2004; James et al. 2012 ). Water availability is one of these critical factors for seedling performance in many systems, typically where seasonal droughts are common (Lloret et al. 2005; Padilla and Pugnaire 2007; Gaviria and Engelbrecht 2015) . Hence, drought may impose a high selection pressure on seedlings (Moles and Leishman 2008) , driving adaptations in root growth strategies to acquire water. As the soil is a complex heterogeneous matrix, plastic root traits involving morphology, physiology and allocation patterns are fundamental to the growth of functional root systems (Fitter 2002; Forde 2009 ). Nevertheless, less plastic root growth strategies are often observed in species adapted to drier conditions (Nicotra et al. 2002; Padilla and Pugnaire 2007) and studies have found a negative relationship between drought tolerance and root plasticity (e.g. Couso and Fernández 2012) indicating trade-offs along humidity gradients. Insight into root growth strategies will improve the understanding of seedling recruitment and regeneration niches and their impacts on resilience, succession and community assembly under current and future climate. This information will also be valuable in applied fields such as restoration ecology where seedling mortality can be a major constraint for restoration success. In remote areas, such as alpine sites and dryland areas, construction work often leave behind a highly disturbed soil profile that restrict root development. Under such conditions, root growth strategies are expected to be important for seedling survival during dry periods and in turn, seedling recruitment and establishment. Knowledge of these relationships can be used for sourcing of plant material for ecological restoration.
Species of mesic and hydric habitats show a high degree of root plasticity, with dynamic biomass allocation to capture nutrients in patches or water both in shallow and deeper soil layers (e.g. Hodge 2004; Hodge et al. 2009; Padilla et al. 2009; Ramírez-Valiente et al. 2019) . Traits for tissue morphology, architecture and physiology may be even more plastic than biomass allocation (Comas et al. 2013) . Plastic responses to water availability have been observed for physiological traits such as abscisic acid and proline content (Davies and Bacon 2003) and morphological traits and phene aggregates such as specific root length (Padilla et al. 2009 (Padilla et al. , 2013 , rooting depth (Reader et al. 1993; Alvarez-Flores et al. 2014) , root length (Bell and Sultan 1999) , root:shoot ratios (Padilla et al. 2009 ) and root surface area (Saidi et al. 2010) . The adaptive value of trait plasticity for seedling performance under drought is, however, highly dependent on the intensity and duration of drought episodes and interactions with other environmental conditions (Tardieu 2012) .
Deep-rooted seedlings may avoid drought through access to moist soil layers (Padilla and Pugnaire 2007; León et al. 2011) . Consequently, the ability to increase rooting depth in response to drought is adaptive in some species (Reader et al. 1993; Liu et al. 2000) and increases yield in many crops (Lobet et al. 2014 ). This ability differs, however, between species and environments, as a number of species show limited plasticity in rooting depth to water availability (Nicotra et al. 2002; Padilla and Pugnaire 2007; Bristiel et al. 2019) . This may indicate a transition from plastic to fixed root growth strategies with decreasing water ability, selecting for specialists with fixed strategies under drier conditions (Bongers et al. 2017; Bristiel et al. 2019 ) Hence, the ability to adjust rooting patterns depends on the specific adaptations of a given species. In addition, seedling ontogeny and resource status may constrain seedling plasticity (Pigliucci 1998; Kitajima and Myers 2008) , but this issue has received little attention.
The importance of root growth strategies for seedling performance is not well understood as essential information is lacking on trait variation and plasticity of seedling root systems. It is also not well known how such variation and plasticity are related to drought intensity and duration and how they influence water uptake and plant survival. Detailed information on these aspects will contribute to a predictive trait based ecology (Funk et al. 2017) . Our study addresses this knowledge gap by documenting the ability of young grass seedlings to adjust their root system architecture, root morphology and biomass allocation to roots under progressive drought. We tested the specific predictions that seedlings under drought would: 1) increase biomass allocation to roots, 2) produce deeper roots, 3) increase investment in total root length, 4) reduce investment in biomass per unit root length and 5) develop a simpler root branching pattern. Since such responses to drought are potentially species-specific, we also tested for differences among species to distinguish species-specific and general patterns.
Materials and methods

Study species
To test our predictions, we selected a set of five common grasses within the Poaceae subfamily Pooideae used in ecological restoration of disturbed soils from lowland to alpine regions in northern Europe: Avenella flexuosa (L.) Drejer, Festuca ovina ssp. ovina L., Poa alpina L., Phleum alpinum L. and Agrostis mertensii Trin. All species grow in nutrient-poor systems, although Poa alpina may also be found on richer soils. They have a preference for contrasting habitats along a humidity gradient, where A. flexuosa and F. ovina occupy drier sites, P. alpina and P. alpinum grow under mesic conditions while A. mertensii is more frequent in mesic to moist conditions. The study was not designed to test differences in adaptations between species of different habitats, but to identify common root morphological responses to drought stress. These species share a Festucoid seedling morphology with a primary root system developing from the embryo, which is later replaced by a secondary root system emerging from tiller bases. Seeds were obtained from alpine to subalpine populations in southern Norway as part of a larger project addressing the use of site-specific plant material for ecological restoration.
Experimental set up
Seedling growth of these grasses under drought was studied in soil columns under controlled conditions with destructive harvest at regular intervals. Individual seedlings of the five species were established from seed in 40 cm tall (7.5 cm diameter) columns filled with a coarse sand. The sand substrate used had a grain size distribution of 70% 0.25-2 mm particles, 92% 0.125-4 mm, 6% >4 mm and 2% <0.125 mm with a field capacity of 0.28 kg per litre of soil. The species-bytreatment combinations were randomised on column positions in wooden racks (12 rows by 22 positions) and let standing on a metal grating for drainage. The seedlings were grown for 10 days before the sand in each column was watered to runoff three times with a half-strength Hoagland nutrient solution and watering stopped in columns receiving the drought treatment. Control columns were watered to runoff four times per week with a 0.25 strength Hoagland solution. All soil columns were maintained under controlled conditions with light intensity of 400 μmol m −2 s −1 PAR (using a combination of fluorescent tubes and HPS lamps), 15°C air temperature and 18 h day length. The experimental design included five species by two watering treatments by 28 replicates, resulting in 280 columns in total. One or two columns per treatment and species were harvested at 2-4 days intervals over eight weeks. To sample evenly across seedling sizes in all treatments, we started to harvest plants in the control one week earlier than in the drought treatment, and the harvest of the drought treatment was extended for up to two weeks longer than the last harvest of the control plants.
Measurements
After harvest, roots were washed free of substrate and scanned in 3 mm water at 600 dpi using an Epson Perfection V700 calibrated dual lens scanner and WinRhizo software (Regent Instruments Inc., Québec, Canada). After scanning, plant material was dried at 70°C for 48 h and weighed. Rooting depth was estimated as the length of the longest root axis. Primary (seminal) and secondary (nodal, adventitious) roots were weighed and analysed separately. Root length of primary and secondary roots, total root length, total root surface area, total root volume and branching patterns were analysed using the WinRhizo software. Specific root length (SRL, m g ) and root tissue density (RTD, g cm ) were estimated for primary and secondary roots. Segment lengths, total length of main axis, total length of lateral and higher order roots per unit length of main axis, system altitude and magnitude (where altitude is the number of links of the longest path from the shoot to a root tip and magnitude is total number of root tips in the root system) were estimated using the Link and Development functions in WinRhizo for seedlings harvested 15-17 days after the start of the drought treatment. At this early stage, seedlings of drought and control treatments had the same size. The number of replicates for these analyses varied between three and four. Topological index (calculated as log (altitude)/log (magnitude)) was estimated for individual root systems as an indicator of root system topology (Glimskär 2000) . Maximum quantum efficiency of PSII photochemistry (F v /fm) was measured on dark-adapted leaves just before harvest for all columns and for a fixed set of ten columns per treatment and species for late harvests using a FMS2 Fluorescence Monitoring System (Hansatech Instruments Ltd., King's Lynn, UK). Leaf water content was determined for the whole shoot at column harvest date, starting four weeks after drought initiation when F v /fm measurements indicated incipient stress. Phenotypic plasticity was estimated as the Relative Distances Plasticity Index (RDPI, Valladares et al. 2006 ) using the 'plasticity' R package (Ameztegui 2017) to compare individuals across treatments within species with total biomass in the range median biomass ±1/3 of median biomass, except for the topological responses where the same subset as above was used. RDPI was computed using sums of relative pairwise distances in trait values across all individuals of the same species occurring in different environments (here drought and control treatments). RDPI values range between 0 (low plasticity) and 1 (high plasticity) (Valladares et al. 2006) .
Soil water potential of a subset of the columns with Festuca ovina was measured at harvest using MPS-6 calibrated water potential sensors connected to an Em50 data logger (Decagon Devices Inc., Pullman WA, USA). Sensors were inserted in the middle of 5 or 10 cm segments of the sand column and the water potential was recorded when values remained stable for 5 min. These measurements showed that the drought treatment gave a steady lowering of the drying front during the experiment (Fig. 1) . Volumetric water content was measured in the bottom of the columns at harvest, and these measurements gave no indications that the temporal changes in soil water content differed between species.
Statistical analyses
The allometric scaling exponent was estimated as the slope of the relationship ln y = ln β + α ln x between pairs of traits (x, y) by standardised major axis regression ) using the standardized major axis estimation and testing routines (smatr) package in R version 3.1.2 (R Core Team 2014). This method was applied to determine the relationships between root biomass and shoot biomass, total root length and shoot biomass, root length and root biomass for primary and secondary roots, total root surface and total root volume. Differences in allocation patterns between drought and control conditions were investigated by comparing the slope of these relationships within species, again using the 'smatr' package. All data for these regressions except for rooting depth were lntransformed prior to analysis to obtain homogenous variance.
Relative growth rate (RGR, d
−1
) was estimated as the slope of ln total biomass over time using ordinary least squares regression. Differences in RGR between control and drought conditions within species were tested in linear models with treatment as a categorical variable and time as continuous variable using the 'lm' function in R. A significant treatment-by-time interaction indicates differences in RGR among treatments. The species-by-time interaction calculated separately for each treatment (drought or control) was used to evaluate RGR differences between species.
Linear models (ANOVA) were also used to test for differences in root tissue density and specific root length between drought and control treatments in each species and between primary and secondary roots. Shoot biomass was included as a continuous variable to correct for size differences. Further, a linear model with treatment and species as fixed factors was used to test for drought responses in root system architecture (total lateral and tertiary (higher order) root length per unit major root axis, average root diameter of main axis, root system topology and magnitude, and the average segment (link) length of the main axis). One-way ANOVA models were used to test for differences in RDPI between species in the 'plasticity' package, followed by Tukey HSD tests. Eight individuals were removed from the dataset, due to incomplete root recovery based on strongly deviating root fractions of total biomass. Model diagnostics were performed with normal probability plots and plots of residuals vs. fitted values.
To identify latent factors related to root growth strategies, an exploratory factor analysis was done for the dataset of seedlings harvested 15-17 days into the drought treatment incorporating variables describing size, biomass allocation, root system architecture and root morphology. This dataset is small with data only for 32 individuals. The analysis was run in Minitab 18 on the correlation matrix with a varimax rotation and factors extracted using principal components. Factors with unrotated eigenvalues >1 were kept. This selection was also confirmed using a parallel analysis with the nFactors package in R (Raiche and Magis 2015). The Kaiser-Meyer-Olkin test for factor adequacy was used to remove variables not suited for the factor analysis.
Results
Drought effects on relative growth rates
All species had considerably lower RGRs under drought (Fig. 2 , Table S1 ) with mean ranges increasing from 0.035-0.055 d −1 under drought to 0.122-0.142 d −1 under watered conditions. RGR did not differ between species under similar environmental conditions (Table S1 , Fig. 2 ). During the experiment, seedling biomass increased from 0.5 to 60 and 107 mg for Agrostis mertensii under drought and control conditions, from 0.6 to 66 and 85 mg in Avenella flexuosa, from 1.3 to 50 and 106 mg in Festuca ovina, from 2.0 to 98 and 215 mg in Phleum alpinum, and 0.5 to 42 and 177 mg in Poa alpina, but control plants were harvested at a younger age than droughted plants (Fig. 2) . Hence, biomass produced under drought was 56, 77, 46, 45 and 24% of biomass produced in controls for the respective species.
Chlorophyll fluorescence and relative water content Most plants in the drought treatment were able to maintain a relative water content (RWC) in the leaves of about 90-95% throughout the 8 weeks without watering. The only exception was Phleum alpinum, in which the relative water content dropped below 83% and the maximum quantum efficiency of PSII photochemistry (F v /fm) dropped below 0.8 after 4 weeks of drought. However, RWC and F v /fm did not drop any further and showed a slight increase later in the experiment. The remaining species all maintained F v /fm ratios above 0.83, even at the last harvest, indicating no effect of water availability on the maximum quantum efficiency of PSII photochemistry. Figure 1 indicated that rooting depth development did not keep pace with the lowering of the drying front from around day 17 after withholding water, but this was not reflected by the RWC and F v /fm measurements (with the exception of Phleum alpinum mentioned above). No mortality was observed during the experiment.
Biomass allocation patterns
There was a significant effect of drought on the allometric relationships between root and shoot biomass in Avenella flexuosa and Festuca ovina and seedlings that experience drought had less root biomass relative to shoot biomass compared to seedlings in the watered control (Table 1) . Phleum alpinum and Poa alpina also showed a decrease in biomass allocation to roots under drought but differences were only marginally significant (P = 0.055 and P = 0.069, respectively). In the watered control columns, the slope of the root:shoot biomass curve was equal to 1 in all species except Avenella flexuosa, which allocated less biomass to roots than to shoots even under well-watered conditions (Table 1) .
Root length and rooting depth
There were no differences in the total root length per unit shoot biomass between drought and watered control columns in any of the five species (Table 1 ). Rooting depth was, however, more responsive to water availability than total root length (Fig. 3 , Table 1 ). Plants experiencing drought had deeper roots at a given shoot size than control plants in all species. The effect got stronger as drought intensified throughout the experiment.
Primary and secondary root growth
A complete lack of secondary root formation under drought was a common response for all species. Secondary roots were not initiated and seedlings relied solely on their primary roots for water supply under drought. Under control conditions, however, the species exhibited different root growth strategies and secondary roots started to appear 22-24 days after germination in Agrostis mertensii, Phleum alpinum and Poa alpina, at 28 days in Festuca ovina and at about 40 days in Avenella flexuosa.
Seedlings of the latter species showed great differences between individuals, with a few individuals producing secondary roots earlier and at smaller size. The sampling strategy did not allow for tests of species effects on time until emergence. Threshold shoot size for initiation of secondary roots varied from 2 mg in F. ovina and P. alpina to 3 mg in A. mertensii, 5 mg in P. alpinum and 20 mg in A. flexuosa (not shown).
Root length in relation to root biomass and surface
The allometric coefficient for the relationship between length and biomass of primary roots was consistently higher than 1 under drought conditions in all species, but only Phleum alpinum and Poa alpina displayed a significant response to drought. These species showed significantly higher investment in root length per unit root biomass of the primary roots under drought conditions than the control (Table 1) . Agrostis mertensii, Avenella flexuosa and Festuca ovina displayed less flexible strategies, with relatively more root length per unit root biomass under both sets of growing conditions. Secondary roots had a lower SRL than the primary roots (Table 2) , causing a considerably lower total root length per unit root biomass for the whole root system under control conditions compared to the drought conditions where the root system only consisted of primary roots. The higher proportion of thicker secondary roots under control conditions gave more root surface area per unit root length in four of the species in the control columns (Table 1 ). There were, however, no differences in the relationship between primary root surface area and primary root length between treatments (data not shown). Combinations of phenotypic properties are listed as (Y, X) pairs. All responses except rooting depth were ln-transformed. Differences in slope between drought and control (watered) conditions were tested using a likelihood ratio statistic (LRS; df = 1)
Specific root length and root tissue density Specific root length (SRL) of the whole seedling root system increased with time and plant size under drought in all species, while it showed no response or a slow decline in the control (regressions not shown).
Correcting for plant size, the drought treatment gave higher SRL than the control in Festuca ovina only (Table S2) . Avenella flexuosa had a lower SRL than the other species under both sets of conditions (Table S3 , Fig. 2) . Primary roots had a much higher SRL than secondary roots in the control columns (Tables 2, S3 ), causing the differences in SRL observed between drought and control treatments. Except for a weak declining trend in root tissue density (RTD) with time in the drought treatment, there were no clear patterns in RTD with respect to plant size and time. Avenella flexuosa had a higher RTD than the other species in both control and drought conditions (Tables 2, S2 ), explaining the lower SRL observed in this species. Festuca ovina also had a higher RTD than the remaining three species but only under drought. RTD was higher in the drought treatment in A. flexuosa, F. ovina and Phleum alpinum compared to Fig. 3 Relationship between seedling shoot biomass (lntransformed) and maximum rooting depth (cm) under control (watered) and drought conditions in five grasses: Agrostis mertensii (a), Avenella flexuosa (b), Festuca ovina (c), Phleum alpinum (d) and Poa alpina (e). Regression lines are the result of standardised major axis regression models for each of the treatments the control because of an increasing proportion of secondary roots with a considerably lower RTD than primary roots (range 0.025-0.042 g cm −3 across species) in the control treatment. However, the response to drought differed between species (species by treatment interaction: F = 3.92, P < 0.004) and for A. mertensii and P. alpina no effect of drought on RTD was observed. For the primary roots alone, the five species had a similar increase in RTD under drought. Interestingly, the mean root diameter did not differ between species and was not responsive to drought (Table 3) .
Branching pattern (topology) of primary roots
The complexity of the root systems differed between species (Figs. 4 and 5, Tables 3). The simple root system of Avenella flexuosa and Festuca ovina were characterised by a main axis with a few branches (long segments, low magnitude, short laterals and few root tips). Phleum alpinum, Agrostis mertensii and Poa alpina had more branched root systems with different combinations of longer lateral roots, more and longer tertial roots and higher root system magnitude (Figs. 4, 5, S1 ). The largest differences were between A.flexuosa and P. alpinum that differed for most significant terms (Table S4) . Seedlings experiencing drought had fewer and shorter higher-order roots and a higher topological index than seedlings in the control treatment (Fig. 4, Table 3 ). These responses indicated a change towards a more herringbone-like structure of the (primary) root system under drought, an effect that was most pronounced in A. flexuosa and F. ovina (Fig. 4) . A plot of the log altitude -log magnitude relationship also illustrated seedling root systems of these species to be closer to a herringbone than to a dichotomous branching pattern (Fig. 6 ) also apparent in the root-scan pictures (Fig. 5) . The effect of drought on the formation of lateral and higher order roots, the topological index, root system magnitude, root diameter and segment length did not differ between species (i.e. no species by drought interaction, Table 3 ).
Phenotypic plasticity
Phenotypic plasticity in several of the (aggregated) root traits and responses differed between species (Table 4 , Fig. 4 ). Plasticity in magnitude and segment length of the main axis did not differ across species, while Agrostis mertensii had a higher plasticity in altitude (Fig. 4) . Root branching patterns as described by the topology index (log altitude/log magnitude ratio) displayed higher plasticity in Avenella flexuosa and Festuca ovina as compared to Agrostis mertensii. Rooting depth and root system magnitude had the most plastic response to Information on primary roots under drought are found in Table S1 . Secondary roots were not produced under drought. Statistical tests of differences SRL between primary and secondary roots were all highly significant (P < 0.001) drought, while the topological index was the least plastic (Table 4) .
Trait correlations patterns
The explorative factor analysis found three latent factors that together described 81% of the variation in the dataset (Fig. 7) . The first factor was related to a trade-off between SRL and RTD, including also a positive relationship between rooting depth, topological index and RTD. The second factor was linked to the negative relationship between link lengths and both root magnitude and altitude, where a longer link length (distance between branching) associated with a lower number of segments between shoot and root tips, and fewer root tips. The third factor was related to size and biomass allocation patterns with a negative relationship between root fraction of total biomass and shoot biomass. Factor 1 aligned well with differences between watered and drought conditions, while factors 2 and 3 contained some less clear-cut differences between species (Fig. 7) .
Discussion
Root growth strategies of seedlings are important for their survival and establishment, but are not sufficiently known to contribute to a predictive trait based ecology. Here we provide new insight into grass seedling responses to progressing drought through changes in root traits. These traits included architecture, morphology and biomass allocation patterns. Although we found low phenotypic The relationship between seedling primary root system magnitude and altitude under control and drought conditions 15-17 days after the start of drought treatment in a set of five grass species. Reference lines illustrates a typical herringbone branching topology (solid line, topological index of 1) and a dichotomous branching topology (dashed line, altitude = log 2 (magnitude)) Fig. 4 A. Estimates of root system topology parameters (a-d, mean and 95% confidence interval) of a subset of even-sized seedlings under watered control (white symbols) and drought (black symbols) conditions 15-17 days after the start of drought treatment. For the same topology parameters, phenotypic plasticity estimated as the relative distance plasticity index with 95% CI is shown (e-h, gray symbols). Results are shown for Agrostis mertensii, Avenella flexuosa, Festuca ovina, Phleum alpinum and Poa alpina plasticity of biomass allocation, root morphology and root system architecture, the plasticity of the primary root system allowed seedlings to track soil moisture and survive an 8-week dry-down period under controlled conditions. This was primarily an effect of increasing rooting depth, which was achieved without increased allocation of biomass to roots, and without contribution from the secondary root system as drought completely prevented the development of secondary roots. Tukey HSD tests were used to test for differences between species. Treatment df = 4, df for residuals = 205 (52 for root topological estimates) Fig. 7 Biplots of response variables and plant individuals on three factors extracted in an explorative factor analysis. Variables included were shoot biomass, root fraction of total biomass (Rf), total length of primary roots, rooting depth, magnitude of the base segment, average link length of the main axis, global altitude, topological index, specific root length (SRL) and root tissue density (RTD) of the whole root system. Symbol shape represents species and symbol colour represents treatments with watered conditions (white symbols) or drought conditions (black symbols). The factors explained 28, 27 and 26% of the variation (80% in total) and communalities varied between 0.58 and 0.94
Biomass allocation strategies: Root vs. shoot under drought?
We found that relative allocation to root biomass dropped in two species or was unaffected by drought in the other three species. Hence, the prediction that drought would increase biomass allocation to roots was not supported by our results. These results contradicts previous studies as increased allocation to roots under drought has been frequently reported and root growth is often maintained for longer than shoot growth under drought, at least in moderately stressed plants (e.g. Volaire et al. 2014) . These discrepancies are likely related to the capacity of seedlings to adjust as influenced by their ontogeny, available resources and characteristics of the drought event.
Plasticity of biomass allocation patterns can be expected to depend on available resources (Valladares et al. 2007; Kitajima and Myers 2008) . As the drought intensified over a period of several weeks and as root to shoot signalling is sensitive and rapid (e.g. Davies and Bacon 2003) , we expected responses to a lowering of the drying front early in the experiment, while water and other resources were still available. Although the seedlings were small, there were enough resources in the early stage to start adjusting the root investment.
There is a strong context dependence of root responses to drought exemplified by a number of studies including available resources versus the rate and intensity of drought, differences between seedling and mature stages, and the importance of adaptations both within and between species (e.g. Granier et al. 2006; Padilla et al. 2013; Kellermeier et al. 2013; Rosas et al. 2013) . Drought imposes combined stress conditions, affecting water availability, nutrient uptake (e.g. Davies and Bacon 2003; Gonzalez-Dugo et al. 2012 ) and soil physical properties, e.g. soil strength, but also processes such as nutrient retranslocation within plants (Khasanova et al. 2013 ). Different species may use different tolerance and survival strategies (Khasanova et al. 2013; Paula and Pausas 2011) and the importance of specific root traits may well change as drought intensifies. Many studies have reported changes in root:shoot ratio or root fractions of total biomass under drought (Yang et al. 2005) and relationships between root:shoot ratio and drought avoidance (Huang et al. 2014 ). However, these effects are often difficult to interpret when size differences between treatments and ontogeny are not taken into consideration (Comas et al. 2013) . In our study, we compared even-sized seedlings or used regression approaches to avoid this problem.
The context dependence also relates to the experimental approach (Poorter et al. 2012) . We used sand columns simplifying harvest and root cleaning. However, we expect that responses may differ between soil types based on the actual movement of water in the soil matric, water potential and mechanical impedance of the soil. Further, the characteristics of the drought episode as affected by temperature, irradiance and wind may also influence the drought response. These factors can be manipulated or controlled in experimental approaches to increase our understanding of drought responses. The tested species occur in a wide range of soils with different contributions of silt, sand, gravel and organic material; some of them are also frequent on shallow soils. The sand columns had less fine material than most natural soils. So further research is needed to evaluate the importance of soil texture for seedling drought responses.
As the lack of increased allocation to root biomass was a consistent effect across species, we believe that this may be a common strategy for young perennial grass seedlings under drought stress, but the context dependency, especially ontogeny, available resources and the intensity and duration of drought episodes, needs to be explored before refined hypotheses of mechanism can be developed.
Rooting depth and total root lengths Seedling rooting depth was one of the most plastic responses and increased with drought, while total root length per unit shoot biomass was not affected. This supports the prediction that seedlings of similar size produce deeper roots under drought, but not the prediction that seedlings would invest in more root length per shoot biomass under drought. These responses reflect the relative importance of rooting depth versus root length under drought. Although there was a positive relationship between total root length and water uptake when water was available, a deeper root system is more important for dehydration avoidance than total root length and root biomass (Huang et al. 2014) . Surprisingly, Hoekstra et al. (2014) found no clear link between depth of water uptake and resistance to drought in a set of grassland species. This observation was supported by Bristiel et al. (2019) who found that characteristics of deep roots (diameter and root tissue density) better explained drought tolerance in Dactylis glomerata than rooting depth. Plants often have a suite of traits that provide a combination of dehydration avoidance and dehydration tolerance (Ludlow 1989; Johnson and Asay 1993; Volaire et al. 2014; Volaire 2018) . Deeper roots provided a mechanism of dehydration avoidance for the seedlings and was, together with stomatal regulation of water loss, sufficient to maintain leaf turgor. We do not have data on stomata behaviour, but the strong reduction in biomass production indicates that stomata closure was a major mechanism to avoid dehydration. Dehydration affects a set of physiological and biochemical processes (Boyer 1982) and the photosynthetic system is sensitive to these changes. When changes are not too rapid or severe, there is an acclimation and protection of the PSII (e.g. Bi et al. 2016) . Paired with our measurements of leaf water content and maximum efficiency of PSII photochemistry (F v / fm), we found that the allocation of root length to deeper roots allowed seedlings to kept track with the lowering of the water table and provide shoots with sufficient water throughout the 8-week drought period to prevent damages to the photosystem. Consequently, there were no mortality or wilting symptoms during the experiment. The F v /fm parameter may however not be optimal to monitor changes in the photosystem functions, as its response may be slow until leaves approach a critical water status (e.g. Živčák et al. 2008 ).
Secondary root system development Drought prevented the development of secondary roots in all species. In the control treatment, differences between species in initiation and growth of secondary roots of up to 18 days were found. In three of the species studied, the secondary roots started to develop so early in the control treatment that their absence in the drought treatment was surprising. This may indicate that dry conditions around the tiller base, prevented initiation and growth of secondary roots. The initiation and growth of secondary roots is rapid under optimal conditions, but both initiation and elongation have been found to decrease with low humidity in the soil surrounding the tiller base (Briske and Wilson 1978) . Hence, under drought the development of secondary roots may be delayed for weeks (Bassiri et al. 1988; Wilson and Briske 1979) . We conclude that available water in the upper few centimetres of the soil columns was too low for initiation of secondary roots, a conclusion supported by soil moisture measurements. Initiation and growth of secondary roots under dry conditions have, however, been observed in some annual grasses (Rostamza et al. 2013 ). We do not know whether these different patterns of secondary root growth are due to environmental conditions or phylogeny. To understand strategies of seedling root growth under drought, we thus need to investigate the environmental impact on initiation and growth of secondary roots under a wider set of environmental conditions and phylogenetic lines. Although primary roots often have a short life span and limited water transport ability compared to secondary roots (e.g. Wilson et al. 1976; Harada and Yamazaki 1993) , they were the sole provider of water to the young seedlings under drought in this experiment.
Morphological plasticity
The primary root system had only a moderate plasticity in SLR and RTD in response to drought and root diameter was not affected. Such low plasticity of SRL and RTD in primary roots has also been found in response to nitrogen (Kong et al. 2010) . As secondary roots only established under control treatment conditions, we were unable to document plasticity of SRL and RTD in secondary roots.
Results from other studies of primary root growth in species of Festuca indicate that plasticity of SRL in secondary roots in response to drought is higher than in primary roots (Sun et al. 2013; Andrade et al. 2014 ), a relationships that needs further investigation. The finding of higher RTD and SRL of primary roots compared with secondary roots is in line with other studies (Kong et al. 2010 ). These differences in SRL and RTD between primary and secondary roots caused a considerable difference in average SRL and RTD between drought and control conditions for the whole root systems.
Avenella flexuosa had a considerably higher RTD, but lower SRL, than the other species. This pattern was consistent for both primary and secondary roots. In grasses, drought-tolerant species often have lower SRL than drought-sensitive species (Fort et al. 2013 ), indicating that A. flexuosa has a more conservative root growth strategy than Agrostis mertensii, Phleum alpinum and Poa alpina, with Festuca ovina having an intermediate strategy. A high SRL indicates longer roots per unit biomass invested (Cornelissen et al. 2003) , which are capable of higher resource capture but with a shorter life-span (Gill and Jackson 2000; Fort et al. 2013) . A low RTD is also associated with fast turnover (Ryser 1996) . Moreover, such thin roots are more severely affected by drought (Davies and Bacon 2003) .
Plasticity of root system architecture Major components of root system architecture were affected by drought, but the phenotypic plasticity of most traits was low to moderate (RDPI values around 0.2 and below). The changes were towards a deeper, simpler, more herringbone-like root system (with a higher topological index) under drought. This was most prominent in Avenella flexuosa and Festuca ovina with a dominant major root axis with few short lateral roots, while the other species maintained a more complex architecture with more and longer lateral roots. These changes demonstrate a flexibility of biomass allocation within the primary root systems under drought in some of the species, expected to provide adaptive changes in root system architecture and selective advantages during establishment. Reduced lateral root initiation and growth is a common response to drought (e.g. Malamy 2005) , although some studies report increased lateral root formation (Jupp and Newman 1987) . Our results showed a reduction in lateral roots and root lengths in response to drought in some species (especially F. ovina and A. flexuosa), but an opposite pattern in others (A. mertensii). It is important to note that our estimates are based on responses of young seedlings after 15 days of drought treatment. Further investigations are needed to determine the constancy and potential phylogenetic or environmental signals of these patterns.
Trait correlation patterns
The first latent factor aligned with a trade-off between SRL and RTD, including also a positive relationship between rooting depth, topological index and RTD. This factor can be interpreted in the 'fast-slow' plant economics framework (Reich 2014 ) with a trade-off between traits contributing to water acquisition vs. water conservation. In this context, 'fast' water acquiring plants have thin roots with high SRL and low RTD while 'slow' water conserving plants have thick roots with high RTD and low SRL (e.g. Weemstra et al. 2016) . The strong alignment of this factor with soil water conditions (Fig. 7) indicates a phenotypic adjustment of the root system. The positive relationships of RTD with rooting depth and topological index in our study further indicates that a simpler (and deeper) more herringbone like root system architecture is part of the 'slow' water conserving strategy. A similar relationship between SRL and RTD was found by Bristiel et al. (2019) , but in their case root diameter differences played a larger role, RTD did not align as strongly with rooting depth, and SRL and maximum rooting depth did not align with the 'acquisition-conservation' axis. In our study root diameter of the primary root showed low plasticity, but differed between species.
Our second factor was linked to the negative relationship between link lengths and both root magnitude and altitude, where a longer link length (segment distance between branches) was associated with a lower number of segments between shoot and root tips, and fewer root tips. This negative relationship is simply a result of the interlinked architecture of root systems.
Our third factor aligned with biomass allocation patterns. A classical interpretation would be an increased biomass allocation to roots under moderate drought to acquire more water (Eziz et al. 2017 ), but as we found low plasticity in this trait, this factor likely represents differences in biomass allocation patterns between species. Based on the biplots in Fig. 7 , there are tendencies that an interaction between species and soil water conditions affects the relationships between magnitude and altitude. This aspect could be further explored to understand the plasticity of root systems.
It is evident that root growth strategies are linked to whole-plant strategies (Reich 2014 ) through trait covariation suites or syndromes (Chapin et al. 1993; Freschet et al. 2018) . Such syndromes affect both dehydration avoidance and dehydration tolerance in grasses (Bristiel et al. 2019 ) and relate to seedling growth forms and productivity in a wider set of species (Larson and Funk 2016) . Our results contribute to the understanding of these relationships for seedlings for a small set of grass species, but a predictive trait based understanding of seedling performance under contrasting environmental conditions will require a larger effort. As a basis for species sourcing and robust ecological restoration, differences between species were smaller than expected. Providing a soil that allows development of deep roots, seems however to be essential.
Conclusions
Young grass seedlings were able to track soil moisture during progressive drought through deeper rooting, although phenotypic plasticity of biomass allocation, root morphology and root system architecture were only low or moderate. Drought resulted in deeper roots with shorter and fewer higher-order roots and a higher topological index indicating a change towards a more herringbone-like structure of the primary root system in all five species, although Agrostis mertensii showed some deviating patterns. These changes were sufficient to provide shoots with water over an eight-week period of progressing drought. Surprisingly, biomass allocation to roots decreased or was unaffected by drought. As development of secondary roots was arrested in all five species under drought, this plasticity of the primary root system may well be one of the key features for seedling survival in grasses under drought. Overall our results suggests that selection pressure on drought avoidance in early seedling stages may result in the use of adaptive morphological and architectural plasticity strategies in small-seeded species that are limited by the allocation of biomass to roots.
